In this study we document the prevalence of gastrointestinal parasites (helminths and protozoans) found in fecal samples of populations of Alouatta palliata mexicana and of A. pigra in Los Tuxtlas and in Palenque, southeast Mexico, and its relation to habitat condition, sex/age and season. Nineteen parasite morphotypes were detected in the fecal samples from populations of the two howler monkeys, of which 58% were shared by both species. When considering all parasite species, populations of the two howler species were more likely to be parasitized in fragmented habitat compared to continuous habitat. Individuals of both howler monkey species that lived in fragmented habitat had a higher prevalence of Controrchis biliophilus. A. p. mexicana individuals had a higher prevalence of Trypanoxyuris minutus than A. pigra, probably the result of the larger group sizes found in the former species, and T. minutus was more likely to be found in A. palliata individuals that lived in fragmented habitat. Adult A. p. mexicana males had a higher risk of being parasitized compared to adult females, but these differences were not detected in A. pigra. Parasite species such as Entamoeba sp., Nematoda sp. 28, Nematoda sp. B and Parabronema sp. where only found during the wet season in both howler monkey species. Populations of both howler monkey species had a higher prevalence of Nematoda sp. A in the wet season and Ascaridae eggs were only detected during the wet season in A. pigra. Other parasites detected dis- Keywords Gastrointestinal parasites, Habitat fragmentation, Seasonality, Alouatta palliata mexicana, Alouatta pigra, Mexico
The Mexican mantled howler monkey Alouatta palliata Mexicana and the black howler monkey A. pigra of southern Mexico are two primate species considered endangered by the IUCN, mainly because of habitat destruction and fragmentation caused by human activity (Van Belle and Estrada, 2006) . Habitat fragmentation induced by human activity may make primate populations more sensitive to risk of infection by parasites, and in some cases this may result in high mortality and morbidity (Chapman et al., 2005) . Habitat reduction, a consequence of habitat fragmentation, can result in restricted host distribution and in crowding host conditions, enhancing the overlap among conspecifics and predisposing individuals to a higher probability of pathogen contact (Gillespie and Chapman, 2007) . Sex hormones may also exert an important influence on parasite infections amongst individuals. Estrogen contributes with antibodies increase against specific antigens, a feature which could explain a more effective resistance in females against some parasite infections. In contrast, progesterone is normally considered an immunosupressor because it diminishes the innate immune response, including macrophages and killer cells, and suppresses antibody production. Moreover, testosterone has been reported to have immunosupressor effects on hosts (Klein, 2004) .
Published information on fecal gastrointestinal parasites for A. p. mexicana (Trejo-Macias et al., 2007) reports the presence of five parasites in groups in continuous habitat and three parasites in groups in fragmented habitat and a general trend for parasite prevalence to be higher for populations in fragmented than in continuous forest. Another study (Valdespino et al., 2010) reports that host density, distance to the nearest town, fragment size, fragment shape, and total basal area of food trees explained gastrointestinal parasite prevalence, but each parasite species had a different pattern. A third study (Cristóbal-Azkarate et al., 2010) reports higher levels of parasitism in the rainy season for groups in forest fragments.
In the case of A. pigra, eight species of gastrointestinal parasites were reported in fecal samples from three groups in one locality in southern Mexico. The study found a higher incidence and intensity of infection in the largest of three groups, and in females and juveniles compared to males and to adults, respectively (Stoner and González Di Pierro, 2006) . In a one-time sample, Trejo-Macías et al. (2007) documented the presence of six parasites in populations of black howler monkeys in continuous and fragmented habitats and that parasite prevalence for the black howler monkey population in the fragmented habitat was almost twice as high as in the continuous forest. A study in Belize and in two sites in southern Mexico report four gastrointestinal parasites in the fecal samples of nine groups Wade 2006, 2007) and Kowalzik et al. (2010) found in Belize strong circumstantial evidence that A. pigra are infected with Controrchis sp. through the ingestion of metacercariae in Azteca sp., when feeding on Cecropia peltata.
With the aim of expanding our information on gastrointestinal parasites for A. p. mexicana and for A. pigra in Mexico, we studied fecal gastrointestinal parasites in populations of both species existing in continuous and protected forests (C/P) and in fragmented forests in two localities in southeast Mexico: Los Tuxtlas and Palenque. We specifically report, for both primate species, parasite species richness and parasite prevalence associated with factors such as habitat condition, sex, age and season.
Materials and Methods

Study sites and sampled primate populations
Mean annual rainfall at Los Tuxtlas, where the A. p. mexicana population is found, is 4,900 mm (30 year data set), with a drier season from March to May (mean monthly 111.7 mm) and a wetter season from June to February (mean monthly 486.25 mm). Mean annual temperature is 27°C. The altitudinal gradient in the area where the study was conducted ranges from sea level to 500 m a.s.l. (Estrada and Coates-Estrada, 1996) . The vegetation corresponds to tall evergreen rainforest (Ibarra-Manríquez et al., 1997) . In Palenque, where the A. pigra population was studied, average annual precipitation is 2200 mm (20 year data set), with a drier season between January and April (mean monthly 62 mm), and a wetter period between May and December (mean monthly 240 mm). Mean annual temperature is 26°C. The vegetation corresponds to tall evergreen rainforest (Estrada et al., 2002) .
For A. p. mexicana, we collected fecal samples from six groups (76 individuals) from a population inhabiting the protected forest of the field research station Los Tuxtlas of the University of Mexico (UNAM), about 640 ha in size, embedded in about 15,000 ha of forest of the northern segment of the biosphere reserve Los Tuxtla in southern Veracruz (18°25'N, 95°00' W). We also sampled nine groups (100 individuals) from three forest fragments in a human modified landscape northeast of the biosphere reserve (Estrada and Coates-Estrada, 1996) (Fig. 1) . The average isolation distance of forest fragments with respect to continuous habitat was 3.8 km (range 2.3-5.4 km). For A. pigra, fecal samples were collected from 11 groups (85 individuals) from a population existing in the protected forest (ca. 1 800 ha) of Palenque National Park (PNP) located in northeast Chiapas (17°29'34" N; 92°02'07" W) (Fig. 1 ). An additional 11 groups (85 individuals) were also sampled at eight sites in a fragmented landscape northeast of PNP. Average isolation distance of forest fragments with respect to continuous habitat was 4.9 km (range 0.4-8.3 km).
Groups of both howler species were identified from one season to another by knowing the general location of each group´s home range since the groups have been under continuous observation since 1994 in Los Tuxtlas and since 2000 in Palenque (Estrada and Coates-Estrada, 1996; Estrada et al., 2002) . Individual markings such as scars, fractured fingers or tails, botfly infestation and the presence of associated infants or juveniles in the case of adult females also aided in identification. The occurrence of patches of blonde fur in the hands or feet or at the base of the tail was also used as guide for individual identification in the case of A. p. mexicana. Because of time constraints and the need to sample many groups dispersed in both habitats we only collected one fecal sample per individual.
Since howler monkeys defecate after resting for long periods and before shifting foraging areas, individuals in the selected groups were monitored for defecation by a team of 2-5 people. Samples were collected in the morning immediately after defecation to avoid contamination.
Most howler monkey groups at Los Tuxtlas and at Palenque were sampled once in the wet season (JulySeptember 2008) and once in the dry season (MarchMay 2009). For A. p mexicana, we sampled a total of 15 groups, 7 during the wet and the dry season, 3 during the rainy season only and 5 during the dry season only. For A. pigra, we sampled a total of 22 groups, 13 during the wet and the dry season, 4 during the rainy season and 5 during the dry season. The number of individuals sampled per habitat, age, sex and season is shown in Table 1 . 
Fecal sample processing
Samples were collected immediately after defecation and were stored in plastic vials. Once at the camp site, each sample was examined for adult parasites. We rinsed adult helminths found in fecal samples with saline solution (Lamothe-Argumedo, 1997) and fixed them with warm 70% alcohol. Specimens were stored in bottles with cooled 70% alcohol (Foreyt, 2001; Gillespie, 2006) . After adult isolation, fecal samples were placed in vials and covered with 10% formalin. We carried out fecal flotation and sedimentation at the Helminthology Laboratory of the Institute of Biology of Universidad Nacional Autónoma de México in Mexico City. Both techniques were used to recover cysts, eggs and larvae (Foreyt, 2001; Dryden et al., 2005; Gillespie, 2006) . We used sugar solution with specific gravity of 1.27 as the flotation medium (Dryden et al., 2005) . Diluted soapy water was used as the sedimentation solution (Foreyt, 2001; Gillespie, 2006) . Both techniques were carried out three times per fecal sample, using 2 g of feces. Slides were systematically scanned with a compound microscope (10x and 40x) for each technique and the detection of cysts, eggs and larvae were recorded to determine each prevalence, defined as the percentage of infected individuals with a specific parasite (Margolis et al., 1982) . Each unique parasite morphotype was recorded and photographed for later identification and for counting the number of species infecting a host species (defined as richness). Measurements were also taken for each parasite, egg or cyst with an ocular micrometer fitted to a compound microscope, and these were also used to discriminate species.
Statistical analysis
We used logistic regression to determine if the prevalence of individuals infected varied between habitat condition (continuous vs. fragmented forests), age/sex (adult males, adult females, subadults, juveniles and infants) and rainfall seasonality (wet vs. dry season). The categorical independent variable was habitat condition, sex/age and rainfall seasonality, and the dependent variable was the number of individual samples that contained each parasite species. All statistical analysis was done using the SPSS v17 (SPSS Inc., Chicago, USA). The number of samples per categorical variable is shown in Table 1 .
Results
Ninteen parasite species were detected. Of these, 58% were shared by both species ( Season related: parasitism in a howler monkey during the dry season was not different from the wet season (β = −0.17, df=1, P = 0.74, Exp (β) = 0.85, CI 95% = 0.31 -2.29), but Nematode sp. A was more likely to be found in A. p. mexicana groups during the wet season (β = −1.03, df=1, P = 0.017, Exp (β) = 0.36, CI 95% = 0.15-0.83).
Alouatta pigra 2.2.1 Parasite species richness
Habitat related: Fecal samples in both habitat indicated the presence of 16 parasite species that belonged to the phyla Sarcomasticophora, Platyhelminthes, Acanthocephala and Nematoda. Parasites such as P. elegans, Nematoda sp. 28, Ascarididae gen. sp. 3 and Strongylidae gen. sp. 25 were only detected in continuous habitat. Nematoda sp. 20 was found only in fragmented habitat. The rest of the parasites were found in both habitats ( 
Parasite prevalence
Habitat related: A. pigra groups had a higher proportion of infected individuals in fragmented habitat, compared to continuous habitat (β = −1.05, df=1, P= 0.002, Exp (β) = 0.35, CI 95% = 0.18 -0.67). Monkeys that lived in fragmented habitat were more likely to carry Trematoda sp. U (β = −2.45, df=1, P= 0.022, Exp (β) = 0.09, CI 95% = 0.01 -0.70) and C. biliophilus (β = −4.3, df=1, P ≤ 0.001, Exp (β) = 0.01, CI 95% = 0.002 -0.10) than monkeys living in continuous habitat.
Sex and age related: there were no differences between sexes and ages in the proportion of infected individuals when compared with adult males (adult female: β = −20.43, df=1, P= 1, Exp (β) = 0, CI 95% = 0-.; subadults: β = −20.98, df=1, P = 1, Exp (β) = 0, CI 95% 
Discussion
Habitat differences
Our results indicate that individuals in both howler monkey species were more likely to be parasitized in fragmented habitat compared to continuous habitat. These results are consistent with previous findings for howler populations in Los Tuxtlas and Palenque, where the percentage of infected individuals was higher in fragmented habitat in both howler monkey species, although the difference was marginally significant for A. pigra (Trejo-Macías et al., 2007) . It is known that cortisol levels in howler monkeys are higher in forest fragments than in continuous habitat, and that high glucocorticoid levels can suppress adequate immune system operation (Martínez-Mota et al., 2007) , suggesting this as a possible factor leading to a higher number of infected individuals. Further, a deficient diet in forest fragments may also account for higher numbers of individuals infected. For example, evidence from Kibale indicates that reduced food availability has resulted in dietary stress in redtail guenons in logged forests caused by a lower intake of crude protein and key minerals compared with guenons in undisturbed forests. Such protein and mineral deficiencies have been linked to depressed immune function (Koski and Scott, 2001) .
Our study showed that individuals in populations of both howler species living in fragmented habitat were more likely to be infected with C. biliophilus (Trematoda), while T. minutus and Trematoda sp. U were more prevalent in mantled howler and black howler individuals, respectively, that lived in fragmented habitat. These results suggest that some trematode species and T. minutus may be favored by habitat fragmentation. This is supported by the findings of Trejo-Macías et al. (2007) and Valdespino et al. (2010) , who report a higher prevalence of C. biliophilus and T. minutus in A. palliata populations living in forest fragments, compared to continuous forests (Chinchilla Carmona et al., 2005; Trejo-Macías et al., 2007) . Higher parasite prevalence in fragmented forest compared to unfragmented forest has also been reported in redtail guenons Cercopithecus ascanius and red colobus Procolobus rufomitratus monkeys (Gillespie et al., 2005; Gillespie et al., 2007) .
Because the life cycle of C. biliophilus has not yet been described and Trematoda sp. U has not been yet identified to species, we cannot assert with accuracy which is the main factor that enhances its prevalence in howler monkeys living in fragmented habitats, although it has been proposed that black howler monkeys are infected with Controrchis sp. through the ingestion of metacercariae in the ant Azteca sp. when feeding on Cecropia peltata leaves. Because C. peltata is a pioneer tree species and typically occurs in disturbed forests, it has been thought that there exists an important link between habitat disturbance and parasitism in howler monkeys (Kowalzik et al., 2010) . C. biliophilus life cycle presumably involves a snail, as first intermediate host, and an arthropod, as a second intermediate host (Stuart et al., 1998) , and it is possible that one of these two hosts or both may proliferate in fragmented habitats, thus enhancing the trematode transmission probability.
The parasite Trypanoxyuris sp. has a direct life cycle and it is completed with the ingestion of larvated eggs, which are deposited in the perianal region. It has been speculated that in some oxyurid species, reinfection occurs when the larva enters back to the host through the rectum (Felt and White, 2005) . In contrast to populations living in continuous habitats, howler monkey groups that live in forest fragments live at higher population densities (20.9 ± 10.4 
Sex/age differences
We found hat A. p. mexicana adult males were more likely to be parasitized than females, but no differences were found between adults of both sexes in A. pigra. For specific parasites, A. p. mexicana females were less likely to be parasitized with C. biliophilus, compared with males, but in A. pigra, there were no differences found between sexes. Preliminary data from previous studies reported that adult males tend to have higher parasite prevalence values than adult females in A. p. mexicana and A. pigra (Trejo-Macías et al., 2007) . In animals, sex hormones may exert an important influence on parasite infection. Variation in the sex patterns observed in A. p. mexicana and A. pigra suggests that other factors in addition to hormones such as exposure level to infective parasite stage, social behavior, habitat quality and diet, that are not constant, may also contribute to differences in rates or patterns of parasite infections among the sexes (Klein, 2004) .
Seasonal differences
Parasite species such as Entamoeba sp., Nematoda sp.
28, Nematoda sp. B and Parabronema sp. where only found during the wet season in both howler monkey species. Statistical analysis showed that larva of Nematode sp. A was more likely to be present during the wet season in both howler monkey species, suggesting that these parasites may be favored by humid environmental conditions. A higher prevalence of T. minutus in the wet season has been reported for mantled howler monkeys in previous studies (Valdespino et al., 2010 and Cristóbal-Azkarate et al., 2010) ; this parasite species could be also favored by high ambient humidity during the wet season. In our study, Ascaridae eggs were only detected during the wet season in A. pigra, a finding consistent with reports from another study indicating that Ascaris eggs in fecal samples of A. p. mexicana were only found in the wet season (Cristóbal-Azkarate et al., 2010) . Several studies of arboreal primates showed a positive relationship between moist environments and intestinal macroparasite infections (Stuart et al., 1993 (Stuart et al., , 1998 Stoner, 1996) . Similar effects have been documented in terrestrial primate species (McGrew et al., 1989; Huffman et al., 1997) . While some nematode parasite species (e.g., spirurid nematode and Trichostrongylus falculatus) are more common during the dry season (Meade, 1984; Pettifer, 1984) , other parasite species (e.g., Trichuris trichiura and Strongyloides fuelleborni) showed no seasonal variation in primate populations (Huffman et al., 1997; McGrew et al., 1989; Müller-Graf et al., 1997) . Some nematodes, for example, have thick shells that make them resistant to desiccation and may reduce the magnitude of the impact of seasonal fluctuations on survival (Meade, 1984) . Further, vector-borne diseases are among the most likely to covary with environmental conditions, because temperature and rainfall should affect arthropod vector distribution and abundance, parasite development, and parasite transmission rates (Dobson and Carper, 1992; Harvell et al., 2002) .
In conclusion, our results for both howler species support the general contention that primate populations in fragmented landscapes may be at higher risk of being parasitized than those found in continuous habitats (Chapman et al., 2005) . In our study, populations of both howler monkey species were sampled in the same type of tropical rainforest (tall evergreen rainforest), and hence general habitat type differences may be disregarded. Another general pattern detected in adults of both howler species was the higher number of infected individuals amongst males compared to females, and that segments of the non adult population carry a parasite ensemble similar to that of the adult population. Seasonal factors also seem to play an important role in the risk of infection for specific parasites such as Nematoda sp. A, which our study showed was more prevalent in populations of A. p. mexicana and A. pigra in the wet than in the dry season.
The above findings need to be considered in the context of several caveats, which, while signaling areas of weakness in the data we present, are instructive in pointing our future lines of investigation. First, our sampling for both howler species was by no means exhaustive. Only a single fecal sample per animal was collected, whereas, three to four samples would have been ideal to control for false-negative results (Muehlenbein, 2005) . Further, the number of sampled subadults, juveniles and infants was limited because of the low numbers of individuals belonging to these age classes and because of the difficulties, in some cases, in fecal sample collecting from these individuals. Since seasonal factor may favor some parasites it is important to collect monthly or bimonthly individual fecal samples. Sampling also needs to be carried out from year to year for a better understanding variation in infections. Egg incubation is also necessary as this allows for a detailed description of the various larvae phases of specific parasites, resulting in a more precise identification of parasite larvae found in howler monkey feces. There is a need for tracking the non adult phases of tramatode parasites in snails and ants to profile their life cycle, as is the case of C. biliophilus, a highly prevalent parasite in populations of both howler species. Necropsies of captive howler monkey and dead individuals found in the field may also be useful in obtaining samples of adult parasites from the digestive tract and vital organs, raising the level of precision of taxonomic identification and also for gathering information on the pathogenesis of the parasite. An additional course of action may be to carry out parallel studies of parasite infection and hormonal assessments of individuals in the populations of both howler species, because sex hormones exert an important influence on parasite infections amongst individuals.
